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(54) Photosensitive derivatives of ATP as assay control standards 

(57) There is disclosed the use of a photosensitive derivative of adenosine triphosphate (ATP) for use in the 
bioluminescent assay of ATP. The derivative may be caged-ATP e.g. nitrophenol ester of ATP which contains a 
photohydrolysable ester bond. The sample which is being assayed for ATP is mixed with a reagent containing 
lucijgrin-luciferase a nd a known quantity of caged-ATP and the light emitted is measured. The mixture is then 
exposed to a flash of intense light resulting in the release of ATP in a photolytic reaction. This ATP reacts with 
the firefl y luciferase to emi t light, thus allowing the amount of the sample ATP to be deduced. The method 
overcomes problems with contaminated or unstable standard solutions of ATP. 
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METHOD FOR CALIBRATING ATP ASSAYS 

The present invention relates to a method for calibrating 
an assay for adenosine 5 1 -triphosphate (ATP). 

Detection of contaminant microorganisms for the purposes 
of product or process control, or for food safety reasons, 
is of paramount importance to the food and beverage 
industries* Microbial biomass estimation is also 

important in a number of other applications, including 
control of waste processing, monitoring of sterilization 
processes and monitoring of air quality. In many cases, 
it is advantageous to be able to estimate the degree of 
microbial or process contamination within the shortest 
possible period of time. An ATP-bioluminescence 

technique, can provide a meaningful result in less than a 
„ minute and accordingly fulfils many of the criteria oh 
which such rapid methods are judged. 

Adenosine 5 • -triphosphate (ATP) is found in live cells 
but not in dead cells. In the presence of a purified 
enzyme (lucif erase) from the American firefly, Photinus 
pyralis, a substrate, D-luciferin, and sufficient 
magnesium ions and dissolved oxygen, the following 
reaction takes place: 

Mg-ATP + 0 2 + D-!uciferin 

I firefly luciferase 
decarboxyluciferin + AMP + PP, 
+ C0 2 + light 

(ATP = adenosine 5 • -triphosphate; Mg-magnesium ions; o 2 = 
oxygen; AMP = adenosine 5 • -monophosphate ; PPj = inorganic 
phosphate; C0 2 = carbon dioxide) , 

Under appropriate conditions, the amount of light produced 



by the reaction is directly proportional to the ATP 
concentration and can be detected using a sensitive light 
detector- This is the basis of the ATP-bioluminescence 
assay. 



In order to maximize the accuracy of such assays 
standardization of the assay is important. 

Assays for ATP using the firefly luciferase reaction can 
be calibrated in two ways (Jago, P.H., Stanfield, g. 
Simpson, W.J. & Hammond, J.R.M. 1989. In ATP 

Luminescence: Rapid Methods in Microbiology, Society of 
Applied Bacteriology Technical Series, Vol. 26, Stanley 
P.E. et al. (eds) pp 53-61). According to an external 
standardization technique, the light output from reaction 
of the firefly luciferase reagent with the sample can be 
compared to that obtained from reaction of the firefly 
luciferase reagent with known amounts of ATP using a 
standard curve. While this technique is convenient and 
requires the minimum of reagent manipulation, it is also 
subject to error. This is because the light output from 
firefly luciferase reactions is directly related to the 
rate of reaction. While the ATP concentration does, 
indeed, make a major contribution to controlling the 
reaction rate, it is not the sole determinant. Inhibitors 
present in the sample (eg. metal ions, hydrogen ions) can 
reduce reaction rate, and stimulators such as detergents 
can increase reaction rate (Simpson, w.J. and Hammond, 
J.R.M. 1991. Journ. Chemilumin . & Blolumln., 6, 97-106). 
In addition, the inherent activity of the firefly 
luciferase reagent itself may vary due to inconsistencies 
in production or handling. Even though the reaction rate 
may be unaffected, there may be substances present in the 
reaction mixture which absorb the light produced to a 
significant extent, thus introducing error. Some 
substances, notably 2n 2+ , in addition to reducing the 
catalytic activity of firefly luciferase also change the 
wavelength of the light produced in the reaction. This 
can cause a reduced amount of light to be detected from 
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the reaction in some types of luminoraeters (Denburg, J.L. 
& McElroy, W.D. 1978. Arch. Biochem* Biophys . 141, 668- 
675) . 

All of these sources of error can be eliminated if the 
standard curve approach is abandoned in favour of the 
internal standardization technique. In its simplest form, 
this consists of adding a known amount of ATP, contained 
in a small volume of liquid, to an initiated firefly 
lucif erase reaction. The light output from sample and 
lucif erase alone, and from sample and lucif erase and ATP 
are compared, and the ATP content of the sample then 
calculated. This method frees the operator of analysis 
errors associated with variable sample composition. The 
cornerstone of this technique, however, is the use of a 
stable ATP standard solution. A great deal of controversy 
exists with regard to the stability of such ATP standard 
solutions. Some workers claim that such dilute solutions 
of ATP are unstable and must be kept away from light 
and/or stored on ice. Also problems can be experienced 
due to poor handling of the solution. By far the largest 
threat to the stability of ATP standard solutions is the 
presence of contaminant microorganisms in the solution. 
ATP is rapidly utilized by many microorganisms (Karl, D.M. 
1980. Microbiol. Rev. 44, 739-796), and therefore their 
exclusion from ATP standard solutions is essential. 
Aseptic technique is mandatory. Although pre-weighed 
vials of ATP can be purchased from some specialist 
luminescent reagent manufacturers, their use is not 
widespread, on account of these perceived limitations. 
These problems become all the more important when ATP— 
bioluminescence assays are employed in safety-critical 
areas such as monitoring of food hygiene and air quality. 

It is an object of the present invention to ameliorate the 
above problems in standardizing ATP assays. 

According to the present invention there is provided a 
method for calibrating an ATP bioluminescence assay 



comprising the steps: 

1) Incorporating a photosensitive derivative of ATP into 
a firefly luciferase luciferin reagent at a pre- 
determined concentration; 

2) Mixing a sample to be assayed and the reagent; 

3) Measuring the light emitted by the luminescent 
reaction; 

4) Exposing the sample/reagent mixture to a flash of 
visible light of high intensity; 

5) Measuring the light emitted from the luminescent 
reaction; 

6) Calculating the amount of ATP present in the mixture. 

According to the present invention there is also provided 
a kit for calibrating an assay of ATP, the kit comprising: 

a) An assay buffer; 

b) A photosensitive derivative of ATP; and 

c) A firefly luciferase - luciferin reagent. 

The present method, a photQstandardization technique, 
provides several advantages over previously available 
standardization methods in respect of (i) precision and 
accuracy of results; (ii) verification of results; and 
(iii) user friendliness. Enhanced precision results from 
the elimination of pipetting errors associated with ATP 
standard addition, and from compensation for any changes 
in optical or catalytic quenching associated with assay 
dilution. The ability to apply a simple, valid 
standardization protocol is likely to give benefits in the 
form of facilitated result verification, a point of 
particular significance with respect to Food and Standards 
legislation and certain safety-critical applications . 
Improved user friendliness results from the facts that no 
separate ATP standard solution is necessary to perform 
such assays, and the assay reagents can be factory 
calibrated, 

A range of synthetic compounds of biological interest has 
been developed for use in physiological studies, which 



contain a photo-sensitive chemical bond. Thus, when one 
of these compounds is exposed to a brief flash of intense 
light, a reaction product is released. The photo- 
sensitive compound is referred to as a "caged" compound, 
from which a molecule or ion of interest can be liberated. 
Hence, ATP is released from caged-ATP, Ca 2+ is released 
from caged-Ca 2+ , and so on. Various derivatives of ATP 
have been synthesized which release ATP in this way. One 
example of these ATP derivatives is a nitrophenol ester of 
ATP, which contains a photohydrolysable ester bond (Figure 
1) . The development of these substances has allowed 
studies on the effect of rapid ATP release in 
physiological specimens to be determined. In such 
experiments, the compound is introduced into the cells by 
micro-injection then the ATP released from the cage, using 
a high intensity photoflash lamp (Gurney, A.M. & Lester, 
H.A. 1987, Physiological Reviews, 67, 583-617.,). 

Caged-ATP has been used in a number of research 
applications relating to a variety of areas, including the 
study of muscle biochemistry (Goldman, Y.E., Hibbard, M.G. 
McCray, J.A. & Trentham, D.R. 1982, Nature, 300, 701-705). 
It has not been used previously for the purpose of 
calibrating biochemical or microbiological assays. 

The yield of ATP from caged-ATP has been shown to be 
independent of pH over the pH range 6-9; furthermore, 
caged-ATP has been shown to be convenient to work with in 
that it is soluble in water at neutral pH and is not 
significantly photo lyzed during several minutes exposure 
to subdued daylight (McCray, J. A. Herbette, L. Kihara, T. 
& Trentham, D.R. 1980, Proc. Natl. Acad. Sci., USA, 77, 
7237-7241) . 

Such a photosensitive ATP derivative is suitable for use 
in the present invention. 
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Figure 1 Release of ATP from caged-ATP 
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The use of such a photosensitive derivative of ATP, 
together with a high intensity photolamp provide a 
convenient and non-invasive means of standardizing ATP- 
bioluminescence assays. The derivative of ATP can be one 
of several compounds , referred to generically as "caged- 
ATP"- This invention was developed using one of these 
compounds, a nitrophenol ester of ATP. Other members of 
this group of compounds could be substituted for the 
nitrophenol -ATP ester in this process. 

Commercially-available supplies of caged-ATP are 
contaminated with ATP giving rise to significant 
luminescence when they are first introduced into a 
lucif erase-lucif erin reagent. This can be reduced to a 
technically insignificant level in two ways. (i) The 
lucif erin-lucif erase reagent containing the caged-ATP can 
be incubated for 8-20 hours or more at 4°C. During this 
time, firefly luciferase catalyses hydrolysis of ATP but 
does not affect the level of caged-ATP. (ii) The 
concentration of contaminant ATP present in the reagent 
can be reduced by treatment with an ATP-destroying enzyme 
such as apyrase, either in a soluble form or in an 
immobilized form. 

The caged-ATP compound is incorporated into a firefly 
luciferase reagent at a pre-determined concentration. 
Firefly luciferase does not display any catalytic activity 
toward caged-ATP (see Example 1) , and therefore in the 
absence of added ATP, no light is produced from such a 
luciferase preparation. The reagent is used to perform 
highly sensitive assays of ATP in the following way. 
Sample and reagent are mixed in a disposable luminometer 
cuvette. The sample may consist of an aqueous fluid of 
any origin or may be a specially prepared "extract" 
produced as a result of treatment with any of a variety of 
agents, designed to release ATP from living organisms. 
The light emitted from the luminescent reaction is 
measured using a luminometer. A known amount of ATP is 
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then released into the reaction mixture by exposing the 
cuvette together with its contents to a flash of visible 
light of high intensity, delivered from a photoflash lamp. 
The cuvette is then placed back into the luminometer and 
the light emission from the luciferase reaction measured 
once again. Since the light flash causes the release of 
a known amount of ATP from the caged-ATP present, the 
amount of light attributable to the presence of this known 
amount of ATP can be calculated by difference. The amount 
of ATP originally present in the reaction mixture can then 
be calculated. 

The following non-limiting Examples are intended to 
describe the nature of the invention more clearly :- 

Example 1 Use of caged-ATP for standardization of atp 

assays 

Caged-ATP (Calbiochem, USA, prod, no. 119127,5 mg) was 
dissolved in 0.5 ml sterile de-ionized water. The 
resulting stock solution was stored frozen at -20°C until 
required. Before use, it was diluted 1 in 1000 with 
sterile de-ionized water. To 3 ml of a commercially- 
available luciferase-luciferin reagent (Biotrace XT 
reagent, Biotrace Ltd., Bridgend, UK) was added 200 /xl of 
sterile de-ionized water to form a control reagent or 200 
/il of the caged-ATP stock solution to form a caged-ATP 
reagent. The reagents were then incubated for 1-6 hours 
at 20°C. 

At various times, after preparation of the reagents, 
sterile de-ionized water (300 /xl) was transferred to a 
clean disposable luminometer cuvette then 100 /xl of 
control reagent or caged-ATP reagent added. The light 
emitted from the reaction was quantified using a Biotrace 
M3 Luminometer (Biotrace Ltd, Bridgend, UK) , which 
integrated the light response for 10 seconds after a 2 
second delay. A volume of ATP solution (10 /xl, o.l /xM) 
was then added to the reaction mixture and the light 



output measured for a second time. The cuvette, together 
with its contents, was then exposed to an intense flash of 
light from a Hanimex 325A2 flash gun (Hanimex, UK) and the 
light output from the reaction measured for a third time* 

The results in Table 1 show the light output values 
obtained* Several points are highlighted by these 
results: (i) caged-ATP did not compete with ATP for the 
active site on firefly lucif erase as indicated by the 
similar response observed to 1 pmol added ATP recorded for 
both reagents (average, n = 5) of 1302 RLU from 1 pmol ATP 
in absence of caged-ATP and 1304 RLU from 1 pmol ATP in 
presence of 95.2 pmol caged-ATP); (ii) the high intensity 
light flash did not affect the rate of the firefly 
luciferase reaction as demonstrated by the fact that the 
response of the reagent to 1 pmol ATP was unchanged after 
flashing (1308 RLU before flashing, 1276 RLU after 
flashing: the difference can be solely attributed to the 
natural decay in luminescence associated with such 
reactions); (iii) exposure- of the caged-ATP reagent to a 
high intensity flash of light produced an increase in ATP 
content in the assay, equivalent to 1.171 pmol ATP/assay. 
The assays could be calibrated on the basis of this 
response. Calibration of the assays in this way (with 
respedt to the 1 pmol of free ATP added to the reaction) 
gave a value of 1.00 ± 0.08 pmol ATP/assay (mean ± S.D, n 
= 5) with the errors randomly distributed with respect to 
time. In the case of the control assays, standardized by 
the standard curve technique (using the data at a reagent 
age of 1 hour), a value of 0.93 ± 0.06 pmol ATP/assay 
(mean ±S.D, n = 5) was obtained, with the individual 
values showing a marked decrease with respect to time 
since reagent preparation (on account of a reduction in 
luciferase catalytic activity) . 

Once introduced into the luciferase reagent, caged-ATP 
might release ATP either by spontaneous hydrolysis, as a 
result of enzymic action, or by photolysis. The results 
shown in Example 1 indicate that release of ATP by the 
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former two mechanisms is negligible and that, on exposure 
to a high intensity flash of light produced by a flashgun, 
ATP is produced rapidly from the caged-ATP present. 

Notes to Table 1 

1. The high intensity photoflash (provided by a Hanimex 
325A2 flash gun, Hanimex, UK) did not induce 
luminescence from empty cuvettes, nor from cuvettes 
containing test solutions such as water or caged-ATP, 
or luciferase-luciferin reagents in the absence of 
caged-ATP . 

2. The "ATP photostandard" (caged-ATP) produced 1.171 
pmol ATP/ assay on exposure to a high intensity 
photoflash. This represents a 1.23% conversion rate 
of the caged-ATP present in the assay. 

3. Similar results were obtained when the assays were 
performed in the presence of a detergent-based ATP 
extractant (swab diluent XT, Biotrace Ltd, Bridgend, 
UK), instead" of water, as the . sample matrix 
indicating that the photostandardization technique is 
compatible with the use of such reagents. 

Example 2 

In a second experiment, a similar set of assays was 
conducted. In these experiments, the control and caged- 
ATP luciferin-luciferase reagents had been incubated for 
6 hours prior to use. The sample mix to which the reagent 
was added prior to addition of ATP and/or light flashing 
was sterile de-ionized water, or mixtures of water and 0.1 
M sodium 3 , 3 1 -dimethylglutarate buffer (pH 4.00). These 
experimental conditions were designed to generate a range 
of pH values in the final assay. The results in Table 2 
show that, in the presence of increasing amounts of 
buffer, the light output from reactions containing l pmol 
ATP was reduced. Thus, if the standard curve approach was 
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adopted and the results referred to those obtained using 
water as the sample matrix, substantial errors were 
evident. In the extreme, a value of 0.05 pmol ATP/assay 
was obtained, i.e. one-twentieth of the true value. 
Results based on the photostandardization technique were 
also subject to error but of a much smaller magnitude. 

By increasing exposure of the reagents to light, for 
example by increasing the number of flashes, it is 
possible to release more ATP into the reaction (Table 3) . 
Thus, it is possible to perform multi-point calibration of 
ATP assays by exposing the sample to light several times 
and recording the amount of light emitted from the 
luciferin-lucif erase reaction in each case. Above a given 
light dose, the response curve saturates and due attention 
must be paid to this, in order to exploit the method to 
the fullest. 
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Table 3: Effect of light dose on release and subsequent reaction of ATP 



Light dose to which 
sample was exposed 
(number of flashes) 


Light emission from 
luciferin-luciferase reaction* 
(RLU) 


0 


215 


3 


15726 


6 


32772 


9 


40363 


12 


46260 


15 


52203 


18 


53663 



* The reaction consisted of 40 fJl caged-ATP solution (1.43 x 10 _S M) 
and 100 //I luciferin-luciferase solution 
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CLAIMS 

1. A method for calibrating an ATP bioluminescence assay 
comprising the steps :- 

i) incorporating a photosensitive derivative of ATP into a 
firefly lucif erase-lucif erin reagent at a predetermined 
concentration ; 

ii) mixing a sample to be assayed and the reagent; 

iii) measuring the light emitted by the luminescent reaction; 

iv) exposing the sample/reagent mixture to a flash of visible 
light of high intensity; 

v) * measuring the light emitted from the luminescent 
reaction; and 

vi) calculating the amount of ATP present in the mixture. 

2. A method as claimed in claim 1 wherein the photosensitive 
derivative of ATP is caged ATP . 

3. A method as claimed in claim 1 or 2 wherein the 
lucif erin-lucif erase reagent containing the caged ATP is 
incubated for 8-20 hours or more at 4°c. 

4. A method as claimed in claim 1 or 2 wherein the 
lucif erin-lucif erase reagent containing the caged ATP is 
treated with an ATP destroying enzyme. 

5. A kit for calibrating an assay of ATP comprising; 

a) an assay buffer; 

b) a photosensitive derivative of ATP; and 

c) a firefly lucif erase-lucif erin reagent. 
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